Introduction
Malignant transformation of cells is often associated with alterations in carbohydrate antigens in experimental and human tumors (1-3). These alterations are observed mainly in peripheral carbohydrate structures. Neosynthesis and blocked synthesis, with or without precursor accumulation, are the basic mechanisms. A carbohydrate structure, Galpl-3GalNAc-, defined by peanut agglutinin (PNA) (4) , is the core disaccharide of 0-linked complex carbohydrates and is known as the Thomsen-Friedenreich (T) antigen. Because the T-antigen is normally further glycosylated, its expression is generally believed to be a tumor-associated phenomenon (5,6). Colon and bladder epithelia, for example, do not express T, whereas cancers of these tissues do (7-10). However, it was recently suggested that the cancer associated T was P-T (Type 4 chain, GdPl-3GalNAcp-) and not a-T (Type 3 chain, Galp1-3GalNAca-) linkage (11 Neosialylation of the T-related antigens was observed in the goblet cells of all metaplastic tissues. The absorptive cells did not express any T-related antigens. In gastric cancers, blocked synthesis, i.e., ptecutsor accumulation or totally negative expression, was observed in -66% and neosialylation in 40%. The T-related antigens were camed by mucins. We condude that blocked synthesis of the T-related antigens was found in a cancer-specific manner. Neosdylation was invariably associated with intestinal metaplasia and occasionally with cancer. ( gens is essential for a rational discussion of their changes in pathological conditions, especially when their expression is allogeneically controlled, as are the ABH and Lewis blood group antigens (12) . We recently observed that galactoside al-2 fucosylation of a-T is regulated allogeneically in human gastric surface epithelia (13). Normal individuals are therefore divided into a-T or fucosyl a-T expressers, i.e., T or F individuals. This must be taken into account when gastric disease-associated changes of the T-related antigens are discussed. Human gastric epithelial cells may undergo benign or malignant transformation. If there are specific links between intestinal metaplasia and gastric cancer (14.15) and if the carbohydrate phenotype of the former is abnormal, information on the carbohydrate antigens characteristic of metaplasia is essential to determine the cancer-specific changes. We studied alterations of the a-T-related carbohydrate antigens in disorders of gastric differentiation. Neosialylation of the normally expressed T-related antigens was observed in all the metaplasias and in 40% of the cancers. Blockade of T-antigen synthesis was observed only in the cancers. Another interesting observation in the present study was a higher proportion ofF individuals in the patients with intestinal metaplasia and/or gastric cancer.
Materials and Methods
Tissues. Seven biopsy specimens of normal fundic and 15 specimens of normal pyloric mucosa were obtained from patients who underwent diagnostic endoscopy for gastrointestinal symptoms. Biopsy specimens of intestinal metaplasia were obtained from 14 patients. Cancer tissues included specimens from 35 biopsies and 19 surgical resections. Of the cancers, 31 were of the intestinal type and 23 of the diffuse type (16).
Both normal and metaplastic tissues were obtained from m e n metaplasia and 17 cancer patients to examine the agreement of the T and F phenotypes between them.
The tissue specimens were fixed with 10% neutral buffered formalin and embedded in p d i n .
Histochemical Procedure. Table 1 shows the carbohydrate structures examined in the present study and the methods of detection. Histochemical staining utilized an avidin-biotin-peroxidase complex (ABC) method (Vectastain ABC kit; Vector Labs, Burlingame, CA) as previously described (17). Where indicated, the rehydrated tissue sections were incubated with 0. The tissues were reacted with the antibody at RT for 2 hr. The substrate solution for peroxidase contained 0.1% diaminobenzidine and 0.002 % H202 in 0.1 M Tris-HCl, pH 7.2, containing 0.065% sodium azide. Sections were counterstained with hematoxylin. Biotinylated PNA, an anti-T lectin (Vector), was used at 2 pglml. The tissue incubated with the biotinylated PNA was treated with the ABC complex in the same way. Tissues from four normal stomachs, two gastric intestinal metaplasias, and 11 gastric cancers were also stained with MAb 1E3, an anti-a-Tn, as previously described (13). and with Amuradwr cuua!atus lectin (ACL), an antia-T lectin (21). using biotinyl-ACL (Vector) at 10 pglml.
When the first antibody was omitted or substituted with myeloma cell culture supernatant or normal mouse serum, positive staining was not observed. Blocking ofthe tissue avidin-and biotin-lie activities with the blocking kits (Vector) did not &ect the results.
Expression of the antigens was considered positive when more than 5 % of cells were stained. In semiquantitative evaluation, weak (+) and strong (+ +) expression, respectively, indicate less and more than 50% of cell positivity. Sialyl-T and sialyl-fucosyl-T, respectively, were considered to be expressed if reactivity with PNA and MBrl was apparently increased or newly detected after the neuraminidase treatment.
T and F Phenotype Determination. T and F phenotype were determined in the normal and/or metaplastic mucosae. The use of the latter mucosae was justified by the fact that the presence or absence of the fucosylated antigens (fucoysl-T and/or sialyl-fucosyl-T) in metaplasia completely coincided with the expression of fucosyl-T in normal epithelia in 24 patients from whom both tissues *re available (data not shown).
Mucin Preparation. Mucins were prepared from two specimens of stomach tissue resected surgically for gastric cancer, as previously described (22) . These patients were F individuals. Normal cancer-free gastric mucosae were scraped and suspended in 6 M guanidinum chloride in 50 mM Tris-HCl, pH 7.5, containing 5 mM EDTA and 1 mM PMSF, homogenized with a Polytron homogenizer, and centrifuged at 45,000 x g for 60 min at 4%.
The cancer tissues were minced with scissors after removing the connective tissues as much as possible and were treated in the same way as the normal mucosae. The supernatants were dialyzed against water, lyophilized, resuspended in 10 mM Tris-HC1, pH 8.0, and applied to Sepharose CL4B
(2.5 x 62 un) in a cold room. Fractions of 5 ml were collected and examined for the presence of hexose by an anthrone reaction. The high hexose peaks ofthe void volume fractions were combined, digested with 0.1 mglml RNAse (Sigma; St Louis, MO) and 480 Ulml DNAse 1 (Sigma) in PBS containing 1 mM MgS04, 1 mM PMSF, and 0.1% NaN3 at 37°C for 6 hr, and centrifuged at 27,000 x g for 30 min. To the supematant was added 0.54 glml GCl and t h i s was Centrifuged at 144,900 x g for 72 hr at 4%.
Fractions of 0.4 ml were collected from the bottom and examined for hexose and density. Fractions with a density of 1.48-1.55 had a high hexose content. They were pooled, dialyzed against cold water, lyophilized, suspended in 10 mM phosphate buffer at 2 mg hexoselml, and kept frozen as the purified mucins.
When indicated, the purified mucins were digested with 4 Ulml of a-Lfucosidase from beefkidney (Boehringer; Mannheim, Gemany) at 37'C for 48 hrs.
Column Chromatography of Mucins. The native and the fucosidasedigested mucins were subjected to a Superose 6HR 10130 column in an FPLC system (Pharmacia-LKB Biotechnology; Uppsala, Sweden) at RT and eluted with PBS at 0.5 mllmin. Fractions of 0.5 ml were collected and assayed for hexose with an anthrone reaction and the MBrl and PNA reactivity with ELISA, as described below. The column was calibrated with a gel filtration molecular weight marker kit (Sigma).
Enzymelinked Immunosorbent Assay (ELISA). Thirty p1 of the mucin solution (4 pg hexoselml) was applied to each well of a 96-well vinyl immunoplate (Nunc Products; Roskilde, Denmark) and incubated overnight at 4'C. After washing with 0.1% bovine serum albumin (BSA) in PBS and bloddng with 2.5 % BSA for 1 hr at RT, 30 pllwell ofMBrl(5 pg/ml) or biotinylated PNA ( 5 pglml was applied and incubated for 2 hr at RT.
After thorough washing, the bound antibody was detected with biotinylated goat anti-mouse IgM and an ABC reagent (Vector) as recommended by the manufacturer. Biotinylated PNA was directly reacted with an ABC re- agent. One hundred p1 of the substrate solution containing 1.23 mM 0-phenylendiamine (Zymed; San Francisco, CA) and 0.03% H202 in 0.05 M citrate phosphate b&r, pH 5.0, was added and incubated for 3 min. The peroxidase reaction was stopped by adding 50 p1 of 2 N HCI. Absorbance at 492 nm was read in an MTP-120 ELISA reader (Corona Electric; Ibaragi, Japan). The absorbance obtained in no-antibody or no-lectin control was subtracted to determine the specific absorbance.
Statistical Analysis. Differences among the various groups were analyzed by the chi-square test. A p value of <0.05 was considered statistically significant.
Results

Normal Epithelial Expression of T-related Antigens
Normal individuals showed either PNA or MBrl reactivity in the cytoplasm of gastric surface epithelia, as previously described (13). (Figure 1 ; Table 2 ). In the F individuals (MBrl-reactive), the PNAreactive antigen was only occasionally observed supranuclearly. The T individuals (PNA-reactive) did not express the MBrl-reactive antigen. Normal gastric surface epithelia were positively stained with ACL in the T individuals but only weakly in the F individuals (data not shown). Although endothelia became reactive with PNA after neuraminidase treatment, there was no increase in the intensity of PNA, ACL, and MBrl staining ( Figures 1A vs 1B and Figures  1E vs IF) .
Metaplastic Epithelial Expression of T-related Antigens
The normally expressed antigens, i.e., fucosyl-T in the F individuals and Tin the T individuals, were undetected in 10 of 14 patients (Figure 2 ; Table 2 ). A typical case is shown in Figure 2 . Neither PNA nor MBrl gave positive staining in this F individual ( Figures  2A and 2C ). However, they stained goblet cells after neuraminidase treatment ( Figures 2B and 2D ). The sialylated antigens were found in the goblet cells of all metaplastic tissues. All F individuals expressed not only sialyl-fucosy1-T but also sialyl-T. Two metaplastic tissues that were positively stained with PNA only after neuraminidase digestion were positively stained with ACL (data not shown). Absorptive cells, however, did not express any of the antigens examined. One T individual expressed sialyl-T but not T. Total loss of the T-related antigens was not observed.
Gastric Cancer Cell Expression of the T-related Antigens
The normally expressed antigens were not detected in 24 of 54 gastric cancers (Figure 3 ; Table 2 ). Expression of fucosyl-T was suppressed or completely lost in 80% of the F individuals. The sidylated antigens were detected in 23. In the F individuals, sialy1-T was found more often than sialyl-fucosyl-T, i.e., 41% vs 11%, respectively. Expression of T, a precursor of fucosyl-T, was observed in 50% of the F individuals. The T-related antigens were totally undetected in 20% and 13% of the cancers from the F and T individuals, respectively.
There was a difference, although not significant, in the expression of the T-related antigens between intestinal-type and diffusetype gastric cancers. The former expressed the sialylated antigens more often than the latter (sialyl-T, 48% vs 32%; sialyl-fucosyl-T, 15% vs 5%). The antigens were distributed apically and cytoplasmically in the intestinal-type cancers ( Figure 3C ) and cytoplasmically in the diffuse-type cancers ( Figure 3D ).
Eleven cancers were stained with ACL. Three cancers from the T individuals showed the same staining pattern as that with PNA. In seven of eight cancers from the F individuals, the staining pattern with ACL was same as that with PNA after neuraminidase. Neuraminidase digestion of these 10 cancer tissues exhibited no or only an weak increase in ACL reactivity. However, one cancer tissue specimen from an F individual showed an apparent increase in staining intensity with ACL after neuraminidase treatment. In this case, PNA reactivity was negative and ACL reactivity was only weak, but both lectins were strongly reactive after desialylation. Either a-Tn detected with MAb 1E3 or its sialylated structure was found in eight of 10 cancer tissue specimens that expressed Tantigens.
Proportion of F to T individuals (ET ratio)
The FT ratio in the normal control was 1.75. That of the intestinal Table 2 Native and defucosylated mucins were diluted at 4 vg haosc/ml and assayed for PNA and MBrl reactivity in an ELISA as described in Materials and Methods. Values are mean of two determinations.
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metaplasia was 13.00 and was significantly higher @<0.05) than that of the normal control. When 32 cancer patients complicated by intestinal metaplasia were included in the intestinal metaplasias, the FT ratio was 5.57.
The FT ratio of the cancer patients was 5.75 and was also significantly higher than the normal @<0.05). Although the ratio was higher for the intestinal-type cancers than for the diffuse-type cancers, the difference was not significant.
Mucins as Carrier Molecules for T-related Antigens
Mucins purified from normal gastric mucosae of the F individuals was strongly reactive with MBrl but only weakly with PNA (Table  3 ). After digestion with fucosidase, the MBrl reactivity was almost abolished. Conversely, the PNA reactivity was greatly enhanced. Superose 6 column chromatography of the native mucins gave a high MBrl-reactive and low PNA-reactive peak with an apparent molecular weight of more than 200 KD ( Figure 4A ). The fucosidasetreated sample showed a high PNA-reactive and low MBrl-reactive peak at the same position ( Figure 4B ).
Gastric cancer mucins were eluted at the same fractions as the normal mucins. Both MBrl and PNA reacted with it. MBrl reactivity was lost and PNA reactivity was increased after treatment with fucosidase (data not shown).
Discussion
Tis often detected in cancer tissues and is proposed to be a general carcinoma antigen (5,6). However, it is occasionally found in certain normal tissues (10). We recently observed that gastric surface epithelia normally express Tin about one-third of individuals (13). In others T was fucosylated. Fucosylation of T in the gastric surface epithelia is therefore allogeneically controlled and determines epithelial reactivity with PNA and other T-reactive regents (13). In the present study we addressed the differentiation disorder-associated changes of the gastric epithelial T-related antigens to establish their clinical implications. Our results are summarized in liable 4. The T-related carbohydrate antigens are invariably neosialylated in gastric intestinal metaplasias. Their synthesis is often blocked in gastric cancers.
Goblet cells of all metaplastic tissues contained sialylated Trelated antigens in their vacuoles. Loss of fucosyl-T, found in 56% of metaplastic tissues from the F individuals, was not the result of blocked synthesis but was due to oversialylation, since the sialylated structure of fucosyl-T was found in all cases. However, loss of fucosyl-T in the cancers could not be explained by oversialyla- Fraction number(0.5ml/Fraction) tion, as only 11% of cases expressed sialyl-fucosyl-T. Blocked fucosylation was suggested to be a main mechanism for the loss of fucosylT. Blocked fucosylation of the N-acetyl-lactosamine-related antigens has been previously reported in gastric cancers (23, 24) . On the other hand, increased fucosylation has also been described as cancerassociated (25) (26) (27) (28) . Apparently, genetic regulation of fucosyl transferases is rather easily disturbed in the course of carcinogenesis. Blocked synthesis of the T-related antigens was not restricted to terminal al-2 fucosylation. Total loss of the T-related antigens was observed in 20% of our cancer patients. Taken together, these observations suggest a multistep blockade of the T-related antigens. Furthermore, ifgasuic cancer develops from metaplastic glands (14,15), we can suggest that metaplasia-associated sialylation is also blocked in cancers. Another possible explanation for the total loss of the antigens is that gastric cancers negative for the T-related antigens arise from a lineage of absorptive cells that do not express the T-related antigens.
Normal gastric surface epithelia expressed T in an a-anomeric configuration, detectable by PNA (13). which is supported by the Table 4 
. Siaylation and incomplete synthesis of the T-related antigens in intestinal metaplasias and gastn'c cancers
T in the T individuals and fucosyl-T in the F individuals.
Preserved, normal antigens expressed by more than 50% of cells positive ACL reactivity observed in the present study. However, PNAreactive sugar chains in the gastric cancers might not be T, because PNA was claimed to be reactive with non-T structures such as terminal Galpl-4GlcNAc- (29, 30) . With the use of ACL, which has a high affinity for a-T (21), we confirmed the gastric cancer expression of T. Furthermore, the histochemical specificity of PNA was reported to be limited only to terminal T (31) . A recent study suggested that the cancer-specific T was p-T rather than a-T (11). Positive reactivity of the gastric cancers with ACL implies their expression of a-T (21). The positive staining with MAb 1E3, an anti-a-Tn antibody, also supports malignant expression of T in the a-anomeric configuration. The presence of p-T, however, cannot be denied. It should be noted here that Fisher et al. (32) reported the gastric differentiation disorder-associated expression of free or sialylated PNA-reactive sugar chains. However, they were unable to stain normal epithelial cells with PNA (32) , which was incompatible with our results (13). Surface epithelial PNA binding sites were identified by others (33) using a sensitive ABC method (34) , which we used in our studies (13). The difference in staining sensitivity between an ABC method and others has been previously disclosed (3 5). Figure 5 shows the possible glycosylation pathway for the core oligosaccharides of mucins (36.37) . The enzymatic basis for the present observations can be summarized as follows. Gastric mucosal surface epithelial cells synthesize a-T, which is almost completely fucosylated in F individuals who have P-galactoside al-2 fucosyl transferase activity (I). Metaplastic change is associated with the activation of sialyltransferases (11), resulting in the neoexpression of sialyl-a-T. In F individuals, sialyl-a-T is partially fucosylated (111) and both sialyl-a-T and sialyl-fucosyl-a-T are expressed. The decreased expression of the normal antigens in metaplasia is probably the result of oversialylation. In gastric cancers, normal elongation of the T-related sugar chains is blocked. SialylT in gastric cancers may be a leftover of metaplasia-associated oversialylation or a result of cancer-associated induction of sialyltransferase. Normal gastric mucins carry the T-related antigens. Gastric cancer mucins also carry the abnormal T-related antigens. However, it is not known at present whether their apomucins are same or different. Kim and colleagues recently reported both quantitative and qualitative changes of apomucins in gastric intestinal metaplasias and cancers (38) . Further study is necessary to determine whether the dlfferentiation disorder-associated changes of the T-related antigens is regulated at the level of glycosylation, apomucin synthesis, or both.
The difference in the proportion of the F to T individuals among normal controls, intestinal metaplasia, and gastric cancer was an unexpected observation. Correlations between the complex carbohydrate phenotype and malignancies of stomach, ovary, and breast have been previously suggested (39, 40) . If al-2 fucosylation of T is under the control of the Se gene, as we have previously suggested (13), the gastric differentiation disorders observed in Japanese patients may develop more often in secretors. In Colombia, however, the rario of secretors in patients with intestinal metaplasia was comparable to that in the control group (27) . Further prospective studies are necessary to determine whether the F individuals are really more likely to develop intestinal metaplasia and gastric cancer. Because it has been reported that H. pylori infection is a possible cause of gastric cancer (41) and that its gastric receptor may be complex carbohydrates containing sialic acid or fucose (42) (43) (44) , it will be interesting to examine the interaction of H. pylori and the T-related antigens. 
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